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ABSTRACT
Ectotherms may respond to variable environmental conditions by
altering their phenotypes. Phenotypic plasticity was initially thought to
be beneficial to an organism’s physiological fitness but several
alternative hypotheses have been proposed with growing empirical
support. In this study, we tested the full suite of hypotheses by
investigating acclimation responses of locomotor performance for nine
populations of five species of sub-Antarctic weevils, using static and
fluctuating temperatures. Species showed typical locomotion thermal
performance curves with temperature of the maximum speed (Topt)
ranging between 22.3±1.7°C (mean±s.e.m.) and 31.1±0.7°C. Formost
species, Topt was not affected by acclimation. For maximum speed
(Umax), significant, positive effects of acclimation were found for all
species except a supralittoral one. Individuals acclimated to 0°C
showed much lower values than the other two acclimation treatments
(15°C and fluctuating 0–15°C). Performance breadth (the index of the
breadth of the curve,Tbr) typically showed little response toacclimation.
None of the traits of the supralittoral species was affected by
acclimation treatment. Responses to stable and fluctuating
temperature treatments were similar. Our findings also revealed that
the mean estimated activation energy 0.40±0.015 eV (mean±s.e.m.)
was lower than for other herbivores, the category to which these
weevils belong, suggesting that some form of compensation in the
rate–temperature relationshipmay be evident. Thus, we typically found
support for the ‘warmer is better’ hypothesis for acclimation of
locomotor performance, although some compensation was evident.
KEY WORDS: Acclimation, Locomotion, Thermal performance,
Ectotherm, Sub-Antarctic
INTRODUCTION
The thermal environment experienced by an organism has direct
effects on survival, growth and reproduction. This is especially
significant for ectotherms because environmental temperature
directly affects body temperature and therefore physiological
processes (Huey and Stevenson, 1979; Sinclair et al., 2016). One
way ectotherms respond to variable environmental conditions is by
altering their phenotypes (Kingsolver and Huey, 1998); a response
that can take place over a range of time scales (Chown and
Terblanche, 2007). Phenotypic plasticity, which typically takes place
within generations, may significantly influence an organism’s fitness
(Ghalambor et al., 2007) and was initially thought to be beneficial, at
least in a physiological context. Formally known as the beneficial
acclimation hypothesis (BAH), and defined by Leroi et al. (1994) as
‘acclimation to a particular environment gives an organism a
performance advantage in that environment over another organism
that has not had the opportunity to acclimate to that particular
environment’, the hypothesis has now been subject to much scrutiny
and its predictions have frequently not been supported (reviewed in
Angilletta, 2009; see also Schou et al., 2017).
Several alternative hypotheses on short-term physiological
plasticity or acclimation have been proposed, including, for
example, compensation, optimal temperatures and deleterious
acclimation (Huey et al., 1999; Wilson and Franklin, 2002; Deere
and Chown, 2006). Of these, the thermodynamic effect, or the
‘warmer is better’ hypothesis (Bennett, 1987; Huey and Kingsolver,
1989) has been garnering much support (e.g. Van Damme and
Vanhooydonck, 2001; Frazier et al., 2006; Knies et al., 2009;
Angilletta et al., 2010; Phillips et al., 2014; Sørensen et al., 2018). In
essence, because rates proceed faster at higher ambient temperatures,
and therefore by association, higher organismal temperatures, fitness
should always be higher at higher temperatures, at least up to a point.
In the context of acclimation, this hypothesis predicts that organisms
acclimated to a high-temperature environment will have a
performance advantage over another organism held at a lower
temperature. The influence of thermodynamic effects can also be
thought to operate over evolutionary time, leading to performance
differences among species from different thermal environments (Dell
et al., 2011, 2014), in contrast to the idea of complete temperature
compensation (Hazel and Prosser, 1974; Clarke, 2017).
Despite growing support (e.g. Kingsolver, 2009; Phillips et al.,
2014; Pawar et al., 2015), in some organisms the thermodynamic
effect does not seem to predominate. For example, maintenance of
rates, suggesting some form of compensation is generally found for
plant respiration rates (Heskel et al., 2016). Among the insects,
contrary findings continue to be published (e.g. Alton et al., 2017;
Zhu et al., 2016). In other organisms, life stage variation seems to
account for the differences found, owing to differences in the
mobility of the stages (Marais and Chown, 2008). Variation in the
extent to which environmental variability is predictable has also been
argued to play a role in phenotypic plasticity. The prediction is that in
those settings where environmental variation is unpredictable relative
to the timescale of the phenotypic response, cue reliability is thought
to be low, so tending to result in an absence of plasticity and possibly
in negative effects on population viability (Tufto, 2000; Chown and
Terblanche, 2007; Reed et al., 2010). Despite a sound theoretical
basis for the prediction, only a few studies have sought to determine
whether this is the case, with contrasting outcomes (e.g. Deere and
Chown, 2006; Niehaus et al., 2012; Manenti et al., 2015; Sinclair
et al., 2016; Haupt et al., 2017). Hence, further empirical assessments
of the idea are essential. Moreover, because microclimate
temperatures and their variability may differ significantly from theReceived 26 October 2018; Accepted 25 March 2019
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macroclimatic setting (Woods et al., 2015; Suggitt et al., 2018),
understanding of microclimatic variation may also alter expectations
for particular phenotypic responses. How animals may respond under
variable temperatures compared with more static settings is also not
yet comprehensively understood (Sinclair et al., 2016; Kingsolver
and Buckley, 2017; Morash et al., 2018). Overall, therefore, it is not
yet clear which of the several contrasting hypotheses to explain
acclimation responses have most support, and under what conditions
various forms of response might be expected.
Here, therefore, we examine the beneficial acclimation,
thermodynamic effect, ‘colder is better’, compensation, no plasticity
and deleterious acclimation hypotheses simultaneously in strong
inference context (following Huey et al.’s, 1999 recommendations)
using both static and fluctuating temperatures. We do so by measuring
locomotor performance for five species (a total of nine populations) of
weevils, belonging to the Ectemnorhinini, from sub-Antarctic Marion
Island, of which one species inhabits the supralittoral and intertidal
zone, and the rest are terrestrial (Chown, 1989). We use this trait
because the available evidence suggests that locomotor performance is
linked directly to fitness in these weevils. Although like other studies
we do not have direct measurements of fitness variation among
individuals with different locomotion speeds (see discussions in
Angilletta, 2009; Sinclair et al., 2016),we consider locomotion speed a
trait linked to fitness in these weevils for the following reasons. First,
the entire group is flightless, hence all resource and mate acquisition,
which includes positive assortative mating, must be undertaken by
terrestrial locomotion (Chown and Scholtz, 1989; Chown, 1990,
1994). Second, predation by indigenous spiders and an indigenous
land bird (the black-faced Sheathbill) is notable (weevils make up a
significant portion of the latter’s diet in particular) (Burger, 1978; Lee
et al., 2012; McClelland et al., 2018), and the only means of escape is
through terrestrial locomotion. Third, activity is closely linked to
specific weather conditions, suggesting that the ability to emerge and
retreat rapidly into protected sites is important (Chown, 1993; Chown
et al., 2004).
Based on understanding of the island’s marine and terrestrial
climates (Deere et al., 2006; Faulkner et al., 2014) and on
information on the acclimation responses of other arthropod
species from these major habitats (Deere and Chown, 2006;
Haupt et al., 2017), we predict that the terrestrial weevils should
show no plasticity, or perhaps somemeasure of compensation (Klok
and Chown, 2005), whereas the marine weevil should show
beneficial acclimation. Moreover, we also examine the slope of the
rate–temperature relationship for all of the populations examined,
comparing it with the typically expected value resulting in an
activation energy approximation of 0.6–0.7 eV (Gillooly et al.,
2001) and the somewhat lower value empirically found for body
velocity [0.46±0.03 (s.e.m.)] (Dell et al., 2014). In essence, we
examine the expectation that the slope of the rate–temperature
relationship might be lower in more polar species, especially those
from the southern hemisphere (Addo-Bediako et al., 2002), if
temperature compensation is evident, but not if thermodynamic
effects predominate (Sørensen et al., 2018).
MATERIALS AND METHODS
Study area and species
Sub-Antarctic Marion Island (46°54′S, 37°45′E) is part of the Prince
Edward Island group, which lies∼2300 km southeast of Cape Town,
South Africa. The island is highly oceanic with a mean annual coastal
temperature of ∼6.5°C, total annual precipitation of ∼1900 mm (as
measured at the meteorological station on the north eastern coast),
generally high humidity and strong winds. Temperatures vary
significantly, but not straightforwardly with elevation (maximum of
1270 m; all altitudes are shown as meters above sea level). Soil
temperatures and soil surface temperatures at or below 0°C can be
recorded across all elevations with the passage of Southern Ocean
fronts making this possible at any time of year, thoughmore common
in the winter, while relatively high maximum surface temperatures
may also be found at high elevations (Chown and Froneman, 2008;
data in Deere et al., 2006; Haupt et al., 2016; Leihy et al., 2018)
(Table 1; Fig. 1). The climate has shown substantial change over the
past 50 years, including an increase in mean annual temperature of
more than 1°C and a decline in precipitation ofmore than 500 mmper
annum (McClelland et al., 2018). The island has two major biomes:
Table 1. Summaryof soil temperatures (°C) recorded across two altitudinal transects onMarion Island, one on the eastern side of the island and one
on the western side, for three winter months and three summer months
























10 3561 4.94 1.12 9.66 8.54 4.04 5.74 2652 8.27 2.00 18.00 16.00 6.90 10.36
50 3559 4.93 2.09 9.64 7.55 4.39 5.28 2654 7.20 5.00 18.69 13.69 6.64 8.11
200 3558 4.07 1.11 8.67 7.56 3.50 4.39 4750 7.89 4.13 12.67 8.54 6.94 9.01
400 3557 3.33 −0.89 16.66 17.55 2.11 4.32 4754 6.40 1.08 16.12 15.04 4.03 9.18
600 3557 2.80 0.57 10.63 10.06 1.97 3.38 3492 5.08 0.00 21.50 21.50 3.11 8.66
750 3530 2.21 −1.97 11.16 13.13 1.15 2.94 4751 4.44 0.05 20.62 20.57 2.54 7.02
850 3526 1.83 −0.39 10.15 10.54 0.99 2.31 3494 2.69 −0.91 16.69 17.60 1.35 5.38
1000 3641 1.47 −1.39 10.16 11.55 0.78 1.92 4745 1.96 −0.97 14.22 15.19 1.09 3.04
West
10 3656 5.42 1.60 9.16 7.56 4.68 5.81 4751 8.17 3.64 14.70 11.06 7.28 9.28
50 3674 5.11 2.12 7.64 5.52 4.61 5.31 4751 7.09 4.17 11.71 7.54 6.44 7.86
200 3655 4.66 1.09 9.14 8.05 3.95 5.16 4750 6.98 3.63 13.17 9.54 6.30 7.92
400 3651 3.23 0.10 8.59 8.49 2.36 3.64 4751 5.36 1.58 14.14 12.56 4.24 6.56
600 3634 2.90 0.07 9.61 9.54 2.03 3.43 3923 3.25 0.00 13.50 13.50 2.43 4.73
750 3632 2.28 −0.42 9.66 10.08 1.47 2.78 2374 2.27 −1.50 15.00 16.50 1.06 3.74
850 3629 1.58 −0.91 8.19 9.10 0.78 2.07 4750 2.14 0.07 10.17 10.10 1.46 2.97
1000 3625 1.01 −2.38 8.69 11.07 0.24 1.32 3924 1.18 −1.50 15.00 16.50 0.48 2.51
Abs. min., absolute minimum; Abs. max., absolute maximum.
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tundra, which predominates in lowland areas, and polar desert,
restricted to high elevations (Gremmen and Smith, 2008). Species
richness of plants and invertebrates is low and no indigenous
terrestrial vertebrates are found, except for the lesser sheathbill
(Chionis minor marionensis Reichenow 1908) (see Chown and
Froneman, 2008 for an overview). House mice (Mus musculus
Linnaeus 1758) were accidentally introduced in the 1800s.
Six indigenous weevil species (Coleoptera: Curculionidae) in the
Ectemnorhinini are found on Marion Island (Chown, 1989; Grobler
et al., 2011). Three of these are restricted to the coast with the remainder
occupying most of the elevational range of the island (Table S1) (see
Chown, 1989 for detailed information on diet and habitat distribution).
Two of the six species are cryptic [Bothrometopus parvulus
(Waterhouse 1885) and the recently discovered Bothrometopus
huntleyi (Grobler et al., 2011)]. B. huntleyi is the more common of
the two and is considered here. Moreover, some controversy exists
about the number of species in the genus Ectemnorhinus, with some
studies listing two species (e.g. Chown, 1989) and others a single
species. Because the species are differentiated by size, we sampled
smaller individuals from moss cushions (previously considered
Ectemnorhinus marioni Jeannel 1940) and larger species from
Azorella selago Hook. f. (Apiaceae) vascular cushion plants
(previously considered Ectemnorhinus similis Waterhouse 1885)
(Chown, 1990). In keeping with the current nomenclature, we do not
use the formal species names here, but continue to differentiate the
species by size (see also Treasure and Chown, 2014).
Collection
Weevils of each species were collected by hand from Trypot Beach
andArchwayBay, Tafelberg andKatedraalkrans, during September to
November 2008 (Table S1). Individuals were kept at low density in
100 ml plastic jars with moist plaster of Paris substrates and small
pieces of their preferred food of algae, bryophytes, lichens or Azorella
selago, depending on the species (Chown, 1989), and returned to the
laboratory within 2 h. In the laboratory, individuals were sorted for
acclimation treatments, their identity confirmed and each individual
placed into a 65 ml plastic container with moist plaster of Paris and
preferred food as above. The animals were kept in climate chambers
(LABCON, Johannesburg, South Africa, accurate to ±1°C) at 0°C,
15°C and 0–15°C (cycling on a 12 h:12 h basis). The photoperiod in
each casewas set to match late summer environmental day light cycles
(12 h light:12 h dark), and with the light cycle and temperature cycle
synchronized for the variable temperatures. These acclimation
temperatures were based on microclimate temperatures found across
a range of elevations (see Deere and Chown, 2006 for a rationale, and
information below). Temperature within the climate chambers was
measured with I-button Thermochron dataloggers (Models DS 1921G
and DS 1922H; accurate to ±0.5°C, Dallas Semiconductors, Dallas,
TX, USA). A period of 7 days was selected for acclimation. Previous
studies on arthropods on both Marion and elsewhere (e.g. Klok and
Chown, 2003; Weldon et al. 2011; Allen et al. 2012) suggest this is
sufficient time for phenotypic responses to temperature that could alter
performance. Shelf effects in the climate chambers were accounted for
by keeping all containers on a single shelf in each case.
Microclimate temperatures have been logged on an hourly basis at
∼100 m intervals from sea level to 750 m (including the collection
sites of the present study) across the eastern slope of Marion Island
since 2002 using I-button Thermochron dataloggers (available via
Leihy et al., 2018). Data from 2002 to 2009 were processed in R
version 3.5.1 (https://www.r-project.org/) to obtain mean daily
minimum, maximum, mean and range for the three collection sites.
Locomotion performance
A temperature-controlled walking stage (following Haupt et al.,
2017) was attached to a Grant LTC 12 water bath set to regulate stage
temperature. Stage temperature was monitored at each end using
Type T 20-gauge thermocouples connected to CHY 507 Digital
Thermometers (CHY Firemate Co, Taiwan). A single weevil was
introduced to the stage at a time using tweezers. Weevils were given
2 min to equilibrate to the set temperature by placing a small round
metal container (radius 2 cm×height 0.5 cm) over them. The path that
the individuals then ran in 10 s was traced by hand andmeasured. The
fastest speed from three repetitions was used for each individual (for
rationale, see Garland and Losos, 1994; Angilletta et al., 2002) at
eight temperatures (in this order: 2, 7, 14, 21, 24, 28, 32 and 35°C).
Individuals were returned for 1–2 h to their acclimation treatments in
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Fig. 1. Land surface temperatures recorded over the period 2001–2015 for Marion Island. Fifteen-year means of the mean (A), maximum (B) and minimum
(C) annual land surface temperatures (LST) (annual means calculated from monthly average temperatures) obtained by remote-sensing (MODIS Terra
MOD11A2) satellite, including interpolated values for time periods where one or more cells had missing data. The resolution is 1×1 km. The full data set is
available in Leihy et al. (2018).
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the climate chambers between temperature runs. A total of ten
individuals was used for each species×population×acclimation
treatment. Because all experiments were conducted during the
photophase of the climate chambers, those individuals being drawn
from the fluctuating temperature experiment were always drawn from
a temperature of 15°C.
A performance curve was then constructed for each individual on
the basis of the fastest speed recorded at each temperature (Angilletta,
2006). From these curves, individual data on three key traits (Huey
and Stevenson, 1979; Gilchrist, 1996) were estimated from the curves
without model fitting: optimum speed (≈ maximum speed, Umax),
temperature of the maximum speed (optimum temperature, Topt) and
performance breadth (the index of the breadth of the curve, Tbr)
estimated using Gilchrist’s (1996) formula:
Tbr ¼




where Ui is the speed at Ti, i.e. the speed at a given test temperature.
Mean values were then obtained for each of the traits in each of the
species×population×acclimation investigations.
Ordered factorial ANOVAswith orthogonal polynomial contrasts
(Huey et al., 1999) were used to test the acclimation hypotheses and
implemented in R v2.12.0. In keeping with the strong inference
approach, predictions for the form of the linear and quadratic aspects
of the curves were made for each of the major hypotheses for each of
the traits (updated from Deere and Chown, 2006; see also Dell et al.
2014) (Table 2). The ordered-factor approach requires strict
adherence to the assumptions of ANOVA, in particular normally
distributed residuals, a balanced design and homogeneity of
variance (Huey et al., 1999). Therefore, normality of the data was
checked with the Shapiro–Wilks test using the shapiro.test function
in R. Some instances of non-normality were found, but these were
generally not significant after tabulated data were subjected to
sequential Bonferroni correction using the p.adjust function in R.
To estimate the thermal sensitivity of maximum locomotion speed,
the procedure recommended by Pawar et al. (2016) was followed.
Mean values at each temperature, from the lowest temperature up to
Topt, were used for each species×population×acclimation. An
ordinary least squares regression of the natural logarithm of
locomotion speed against 1/kT, where k is the Boltzmann constant
of 8.617×10−5 eV and T temperature in Kelvin, was used to estimate
the slope of the relationship in eV (i.e. as an equivalent of activation
energy). The use of this approach assumes a linear relationship, but
this may not always be the case. Therefore, a quadratic term was also
used to test for a curvilinear relationship. Where this model had a
better fit (adjudicated using an ANOVA following Crawley, 2013),
the correction proposed by Pawar et al. (2016: eqn 10) to the
estimation of activation energy was implemented.
RESULTS
The species showed thermal performance curves typical of those of
locomotion with Topt ranging between 22.3±1.7°C (mean±s.e.m.)
and 31.1±0.7°C (Table 3, Fig. 2). The acclimation treatment had no
significant effect on any of the traits of the supralittoral species
Palirhoeus eatoni (Waterhouse 1876) (Table 4, Table S2).
Responses of Topt to acclimation treatment varied among species
and populations. Typically (5 out of 8 cases), Topt was not affected
by acclimation. Where it was, the effects were typically positive
(Table 4, Table S2). In the case of Umax, significant, positive effects
of acclimation were found for all species except P. eatoni, with
individuals acclimated to 0°C showing much lower values than the
other two acclimation treatments (Fig. 2; Table 4, Table S2). By
contrast, with the exception of Bothrometopus randi Jeannel 1953,
Tbr showed little response to acclimation (Table 4, Table S2).
In consequence, overall, the orthogonal polynomial contrast
approach revealed support either for no acclimation effect or for the
‘warmer is better’ (WIB) hypothesis (Table 4). For most species, the
traditional WIB hypothesis was supported, specifically for B. randi,
B. huntleyi at 4–6 m and Bothrometopus elongatus (Jeannel 1953) at
400 m. For the remaining species, the warmer is always better
(WIAB) variant was supported, with the exception of the
supralittoral P. eatoni, where no plasticity was found.
The responses to fluctuating temperatures typically reflected those
of the static 15°C acclimation (Fig. 2). Excluding the fluctuating
temperature regime had no effect on the outcomes (acknowledging
that a quadratic term could not be included in the models for
acclimation effects) (Table S3, Table S4). That is, WIB in the
broadest sense (see Deere and Chown, 2006) could not be rejected.
In terms of the rising part of the locomotion rate–temperature
relationship, curvilinear relationships were found for just over half
of the species×population×acclimation treatments (Table 3).
Overall, activation energy (E) varied between 0.2 and 0.52 eV,
with a similar mean [0.40±0.015 (s.e.m.)] and median (0.42),
indicating little skew to the overall data.
DISCUSSION
The primary aims of this study were to determine, in a short-term
phenotypic plasticity setting, which of the several alternative
hypotheses for the likely outcomes of acclimation (Huey and
Kingsolver, 1989; Leroi et al., 1994; Deere and Chown, 2006;
Frazier et al., 2006) have most support, whether very different
responses are found to static and fluctuating temperatures, and
whether the species found in this sub-Antarctic location show some
form of thermal compensation relative to those found elsewhere.
The outcomes from the acclimation investigations indicate that
the WIB hypothesis, whether interpreted in the original (Bennett,
1987; Huey and Kingsolver, 1989) or somewhat modified form
(Deere and Chown, 2006), could not be rejected for eight of the nine
populations (and five of the six) weevil species investigated here.
These outcomes are in keeping with a growing body of work
suggesting that such responses may be common over the short term
owing to the fitness benefits that come from higher performance
rates (Frazier et al., 2006; Angilletta et al., 2010), even though the
direct connections to fitness are more difficult to determine than
perhaps originally envisaged (Sinclair et al., 2016).
By contrast with arguments suggesting that such short-term
responses are unlikely (Phillips et al., 2014), we found evidence for
them here, with effect sizes that were non-trivial (Table S2). Thus,
Table 2. Predictions of the form and sign of the linear and quadratic
effects of acclimation temperature on temperature of the maximum
speed (Topt), maximum speed at the optimum temperature (Umax) and
performance breadth (Tbr) for each of themajor acclimation hypotheses
(adapted from Deere and Chown, 2006)
Hypothesis Topt Umax Tbr
Beneficial acclimation (BAH)/compensation L+ n.s. n.s.
Thermodynamic effect/warmer is better (WIB) L+ L+ n.s.
Colder is better (CIB) n.s. L− L−
Warmer is always better (WIAB) n.s. L+ L+
Deleterious acclimation (DAH) L+/−, Q− L+/−, Q−
No plasticity n.s. n.s. n.s.
L+, positive linear; L−, negative linear; Q−, negative quadratic; n.s., not
significant.
4


















the idea that biochemical changes might not be able to act in concert
over the short term to give effect to such a response (Phillips et al.,
2014) is perhaps not as plausible as originally considered (see also
evidence in Hochachka and Somero, 2002; Kingsolver, 2009).
Moreover, strong support for the WIB idea, but some variation
around it, as found here over the short term, and among the species,
supports the idea that while the thermodynamic effect is ubiquitous,
ample scope exists for variation around it. Such an outcome was
found for a recent global, interspecific study (Sørensen et al., 2018),
although it included very few polar species.
Of particular interest is that the current results provide little support
for the hypothesis that in unpredictably variable environments,
organisms are less likely to respond to environmental change via
acclimation (i.e. show less phenotypic plasticity) than organisms in
environments with predictable variation (Tufto, 2000; Chown and
Terblanche, 2007; Niehaus et al., 2012). The climate on Marion
Island is considered one of the least variable globally, although more
importantly this variability in temperature is unpredictable given that
within 24 h temperatures can show temporal autocorrelation that is no
different from random (compared with continental sites where
thermal predictability may endure for weeks) (Deere and Chown,
2006). Thus, many traits do not show acclimation responses, such as
supercooling points (SCPs) and locomotion speed in a flightless
moth (Klok and Chown, 1998; Haupt et al., 2017), SCPs and lower
lethal temperatures (Deere et al., 2006) and locomotion performance
traits (Deere and Chown, 2006) in mites, and upper and lower lethal
limits in kelp fly larvae and adults (Marais et al., 2009). However,
other traits do show acclimation responses, such as SCPs and critical
thermal minima in a different species of flightless moth (Klok and
Chown, 1997), critical thermal minima in weevils (Klok and Chown,
2003), SCPs of a psocopteran (Slabber and Chown, 2004), several
thermal tolerance traits (Slabber et al., 2007) and desiccation
resistance (Chown et al., 2007) in springtails, chill coma recovery
in kelp flies (although the form of the response differs between adults
and larvae) (Marais and Chown, 2008) and critical thermal minima
and maxima in spiders (although responses are decoupled) (Jumbam
et al., 2008). More generally, the empirical basis for the relationship
between predictability and plasticity in the context of thermal
performance curves has yet to be resolved (Sinclair et al., 2016).
One reason for the apparent dichotomy, bearing in mind that
different traits have different thermal sensitivities (Woods and
Harrison, 2001; Martin and Huey, 2008), could be due to the form
of the environmental variation on the island. Environmental
variation is not stable, but varies both spatially and temporally.
Historical views held that selection on the performance curve is
determined by the typical environmental conditions of an area
(Huey and Kingsolver, 1989). This view has been challenged, and it
has been argued that responses of components of thermal
performance curves might rather be determined by rare extreme
events (e.g. brief exposure to high temperatures) (Kingsolver and
Watt, 1983; Huey and Kingsolver, 1989; Kingsolver and Buckley,
2017). The principal reason for this is that the consequences of
experiencing body temperatures above the optimum are much
greater than those of experiencing temperatures below the optimum
Table 3. Summary statistics (mean±s.e.m.) for the performance curve traits and activation energy for each weevil species×population×acclimation
treatment
Activation energy*
Species Altitude (m) Acclimation (°C) Umax (cm s−1) Topt (°C) Tbr (°C) Original E ANOVA P-value Corrected E Final E
P. eatoni 0 0 0.55±0.04 25.0±0.9 11.7±1.6 0.43272 0.034 0.47539 0.48
0 0–15 0.60±0.07 27.0±1.4 12.9±1.0 0.38386 0.002 0.42378 0.42
0 15 0.54±0.05 24.3±1.3 14.8±0.9 0.39712 0.026 0.435596 0.44
B. randi 4–6 0 1.13±0.07 24.0±1.8 20.3±1.1 0.20185 0.076 N/A 0.20
4–6 0–15 1.58±0.05 29.1±1.1 18.9±1.2 0.30359 0.305 N/A 0.30
4–6 15 1.58±0.10 28.8±1.0 16.7±0.5 0.39971 0.023 0.439392 0.44
B. huntleyi 4–6 0 0.48±0.03 22.3±1.7 18.7±1.0 0.39644 0.025 0.460432 0.46
4–6 0–15 0.57±0.04 27.2±1.2 16.8±0.7 0.43638 0.155 N/A 0.44
4–6 15 0.65±0.05 27.7±1.0 16.7±1.2 0.39277 0.003 0.431746 0.43
400 0 0.36±0.04 28.4±1.1 16.4±0.9 0.30456 0.048 0.318562 0.32
400 0–15 0.58±0.04 28.3±1.3 15.2±0.9 0.31912 0.087 N/A 0.32
400 15 0.65±0.07 29.6±1.4 16.2±1.2 0.45045 0.001 0.49456 0.49
750 0 0.55±0.03 27.8±2.0 18.1±0.8 0.29259 0.081 N/A 0.29
750 0–15 0.86±0.04 31.1±0.7 15.7±0.8 0.35483 0.16 N/A 0.35
750 15 0.74±0.05 26.7±2.3 18.0±1.4 0.44815 0.19 N/A 0.45
B. elongatus 400 0 0.42±0.04 24.1±1.8 17.1±1.2 0.2854 0.08 N/A 0.29
400 0–15 0.53±0.04 28.8±1.0 18.6±1.3 0.34014 0.003 0.359887 0.36
400 15 0.64±0.04 28.5±1.2 15.7±0.7 0.41288 0.013 0.449699 0.45
750 0 0.43±0.04 23.1±2.0 18.9±1.8 0.35031 0.143 N/A 0.35
750 0–15 0.61±0.03 25.7±0.8 16.4±0.9 0.40217 0.054 N/A 0.40
750 15 0.63±0.03 26.5±1.2 15.7±0.7 0.45846 0.078 N/A 0.46
E. marioni s 400 0 0.57±0.02 27.2±0.8 14.4±0.8 0.42481 0.26 N/A 0.42
400 0–15 0.77±0.03 30.3±0.8 16.4±1.1 0.4176 0.007 0.449442 0.45
400 15 0.71±0.02 26.5±1.0 14.8±0.5 0.47532 0.01 0.516264 0.52
E. marioni l 400 0 0.72±0.04 28.4±0.7 16.2±0.9 0.37901 0.052 N/A 0.38
400 0–15 1.03±0.05 28.1±1.1 14.5±0.7 0.46168 0.035 0.486378 0.49
400 15 0.99±0.04 30.3±1.2 16.2±0.7 0.38233 0.002 0.402071 0.40
Umax, maximum rate of performance; Topt, temperature of the maximum speed; Tbr, performance breadth; l, large; s, small. *Activation energy (E) was
estimated from the slope of an ordinary least squares linear regression of ln mean locomotion speed against 1/kT (where k is the Boltzmann constant and
T is temperature in K). The original value shows this relationship, the ANOVA outcome a comparison with a model including a quadratic term (P<0.05 shows
the quadratic model has a better fit), the corrected value the outcome of using Pawar et al.’s (2016; eqn 10) correction, and the final value the activation
energy assigned to each species×population×acclimation treatment. Table S5 provides the full set of statistics.
N/A, not applicable.
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(Kingsolver and Huey, 1998). On Marion Island, higher altitudes
experience a wider range of temperatures than lower ones (Table 1)
and temperatures of 30.0°C have been recorded on rock faces at high
elevations (Boelhouwers et al., 2003; Leihy et al., 2018), a habitat of
high altitude weevils. As the ability of organisms to remain active
across an appropriate range of environmental temperatures is a
significant component of fitness (Kristensen et al., 2007; Loeschcke
and Hoffmann, 2007), it would therefore be advantageous for the
performance curve to incorporate high temperatures experienced in
the environment. This way, the weevils avoid being negatively
affected by extreme temperatures which could be damaging and
potentially lethal. Continued exposure to these upper temperatures
is lethal [observations from present study and critical thermal
maximum values of the weevils (Klok and Chown, 2003) are close
to the optima found in this study]; however, brief exposures (i.e. rare
extreme events) could be responsible for selection on the
performance curve (Hoffmann and Watson, 1993; Kingsolver and
Buckley, 2017). Indeed, we note that Topt not only for these species
(23–31°C), but also for mites (20–29°C) (Deere and Chown, 2006)
and a moth investigated on the island (20–25°C) (Haupt et al.,
2017), are all more in keeping with maximum than with average
surface temperatures found on the island (Table 1; Fig. 1).
By contrast to the species and populations showing plasticity, for
one species, the hypothesis of no plasticity could not be rejected
(Table 4). This species, P. eatoni, is restricted to the supralittoral
zone where it can be found in clumps of algae, which are often
splashed by seawater (Chown, 1989). Conditions keep changing for
this species, where they can be splashed by sea water one day, but
not the next (see data in Faulkner et al., 2014). Thus, in this highly
unpredictably variable environment, this species could be predicted
to show no phenotypic plasticity. An alternative explanation for
the difference among the species is the potential influence of
phylogenetic relatedness, given that phylogenetic effects have been
detected for other traits (Chown and Klok, 2003). One reason why
this is unlikely to be important, acknowledging that no phylogenetic
analysis has been undertaken here owing to the small number of
species and absence of phylogeographic data on the populations, is
the suggestion that the genus Palirhoeus is paraphyletic and resides
within Bothrometopus (Grobler et al., 2011). Nonetheless, this




























































25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 50 10 15 20 25 30 35




P. eatoni (0 m) B. randi (4–6 m) B. huntleyi (4–6 m)
B. huntleyi (400 m) B. huntleyi (750 m) B. elongatus (400 m)
B. elongatus (750 m) Small E. marioni (400 m) Large E. marioni (400 m)
Fig. 2. Results of locomotion performance experiments for nine populations of weevils. (A) P. eatoni (0 m), (B) B. randi (4–6 m), (C) B. huntleyi
(4–6 m), (D) B. huntleyi (400 m), (E) B. huntleyi (750 m), (F) B. elongatus (400 m), (G) B. elongatus (750 m), (H) E. marioni, small (400 m), (I) E. marioni,
large (400 m) for three acclimation treatments (0°C, 0–15°C and 15°C). The line charts show the performance curves (as mean speed in cm s−1) with s.e.m.
indicated by the error bars.
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Accepting environmental influences, it not only seems to be
plasticity that is important, but the form that this plasticity takes, as
has been found for other Marion organisms (e.g. Chown et al.,
2007). Even within species, it is only the high altitude populations
that show the more extreme version of the WIB hypothesis (see
discussion in Deere and Chown, 2006) (B. elongatus at 750 m and
B. huntleyi at 400 m and 750 m) while the lower altitude populations
of these species do not (B. elongatus at 400 m and B. huntleyi at
0 m) (Table 4). This pattern of plasticity has also been found in two
other traits in this group of weevils: critical thermal minimum and
maximum (Klok and Chown, 2003). Together with the findings of
differences among species, these outcomes suggest that local
differences in microclimate may have an important influence on the
form of thermal performance curves and their plasticity, as is now
becoming more widely appreciated (e.g. Asbury and Angilletta,
2010; Woods et al., 2015; Kingsolver and Buckley, 2017; see also
Suggitt et al., 2018 and Huey 1991).
In terms of the contrast between the static and fluctuating
temperatures, the latter tended to mirror the 15°C treatment most
closely. Indeed, often the differences were insignificant, including
for Tbr where they might have been expected to be greater (Huey and
Kingsolver, 1993; Huey et al., 1999). Although this suggests that
stable and fluctuating temperature treatments show little difference,
such a conclusion must be mediated by an important caveat. Our
comparison did not include a 10°C treatment (the mean of 0°C and
15°C) and had we done so, a larger effect may have been detected.
We note that in another species investigated in much more detail on
the same island (caterpillars of the moth P. marioni, Haupt et al.,
2017), no difference among static and fluctuating temperatures was
found either. Nonetheless, the inclusion of a single fluctuating
temperature regime, compared with two static regimes with different
means does suggest some caution has to be applied to the outcomes.
We consider the results robust, however, because of consistent
responses documented across the populations (except for the
supralittoral species).
Finally, assessment of the slope of the locomotion rate versus
temperature relationship revealed two important outcomes. First,
just over half of the relationships showed evidence of curvilinearity,
so justifying the concerns raised previously about the likely impact
thereof on estimations of temperature sensitivity (Pawar et al.,
2016). Indeed, this effect was typically in the order of a 10%
difference in the estimate of the slope (as activation energy).
Second, the mean estimated activation energy of 0.4 eV is close to,
and indeed statistically indistinguishable (t=−1.242, P=0.217) from
the average value found for 70 other investigations of the sensitivity
of locomotion rate (0.46±0.03 eV) (Pawar et al., 2016).
Nonetheless, it was lower than for other herbivores (0.5±0.07 eV)
(t=−2.294, P=0.028), the category to which these weevils belong
(Chown, 1989) suggesting that some form of compensation in the
rate–temperature relationship, as previously suggested (Addo-
Bediako et al., 2002), may be evident.
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